The American Heart Association (AHA) recommends an automated external defibrillator (AED) be considered for a specific location if there is at least a 20% annual probability the device will be used. We sought to evaluate the cost-effectiveness of the AHA recommendation and of AED deployment in selected public locations with known cardiac arrest rates. 
I
t is estimated that 250,000 Americans die each year from out-of-hospital cardiac arrests. 1, 2 Efforts to improve survival have been hampered by logistical difficulties involved in transporting specialized equipment and responders to the arrest victim. 3, 4 In an effort to reduce time-to-shock intervals and ultimately improve survival, municipalities have increasingly turned to a decentralized first-responder system predicated upon public access to automated external defibrillators (AEDs). 5, 6 While AEDs have been available for over 20 years as research instruments, only recently have reductions in their size and cost as well as improvements in their usability made public access defibrillation (PAD) a viable option. 7 Evidence is accumulating to support the assertion that public access to AEDs can improve survival compared with historical data.
8±10
The American Heart Association has responded to these data by recommending that public access defibrillators be installed if``the frequency of cardiac arrest events is such that there is a reasonable probability of 1 AED use in 5 years.'' 1 More recently PAD received an endorsement from the United States Congress with the passage of the Community Access to Emergency Defibrillation Act of 2001 to increase federal funding for AED deployment.
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While PAD appears to be a convenient solution to the problem of out-of-hospital cardiac arrest, health authorities faced with limited resources must address the subtleties of deciding precisely which locations warrant deployment of AEDs. Several cost-effectiveness analyses examining AED deployment have been published, but provide limited guidance for policymakers attempting to make informed decisions regarding AED deployment.
12±14
A study by Jermyn examined the potential cost-effectiveness of equipping fire fighters with AEDs, but did not evaluate the cost-effectiveness of deploying defibrillators in specific public locations. 12 Foutz and Sayre demonstrated that AED deployment in nursing homes may be cost-effective, but did not extend their analysis to other public sites where AEDs might be placed. 13 Nichol et al. evaluated the costeffectiveness of treating victims of out-of-hospital cardiac arrest with emergency medical services (EMS) compared to a strategy of EMS supplemented by AEDs deployed in public locations. 14 The investigators found the AED-based strategy to be cost-effective, but interpretation of their results is difficult because the analysis was based upon the assumption that AEDs were deployed in a manner``such that one device was available for each cardiac arrest that occurred in public.'' Furthermore, none of these studies addressed the critical relationship between the probability of cardiac arrest at a given location (and by extension probability of AED use) and the overall cost-effectiveness of AED deployment. While precise data regarding cardiac arrest probabilities at public locations are certainly limited, there is a small body of literature providing estimates of annual arrest rates at several public locations.
10,15±17 In light of the rapid adoption of PAD across a range of geographic sites with varying cardiac arrest rates, it is critical to better define the relationship between the probability of cardiac arrest and the cost-effectiveness of AED deployment.
We constructed a Markov model to evaluate the costeffectiveness of the American Heart Association guideline for AED deployment and to clarify the relationship between the probability of cardiac arrest at a given location and the cost-effectiveness of AED deployment. An additional objective was to use available data on cardiac arrest rates at public locations to provide physicians and other public health experts with a practical tool to use when contemplating AED deployment in the community.
METHODS

Literature Review
Using MEDLINE, the 1966 to 2002 medical literature was searched using key words cardiac arrest, defibrillation or defibrillator, and emergency medical services. Additional articles were obtained by scanning bibliographies of relevant articles. For model inputs where a single estimate was available in the medical literature, this estimate was used in the model with broad confidence intervals to account for uncertainty. In cases where multiple estimates for a particular input were available from multiple sources, 1 of the study authors (PC) carefully assessed the methodology of each of the available studies. When 1 study demonstrated clear methodological superiority, the estimate provided by that study was used as the base-case estimate. When no study was identified as methodologically superior, the authors reached a consensus about a basecase estimate and confidence intervals based upon the available literature.
Decision Analytic Model
A Markov model was constructed (Fig. 1 
Probability of Clinical Events
The model evaluates the cost-effectiveness of AED deployment (strategy 2) when compared with EMS-based defibrillation (strategy 1). The probabilities of clinical events used in the model are shown in Table 1 .
To establish a framework for the analysis, we assumed that the baseline probability of cardiac arrest is 0.2 arrests per site per year (1 arrest every 5 years) and that if an arrest occurred at a site equipped with an AED, the device would be used (probability of cardiac arrest equals probability of AED use). The assumption that an available AED always would be used to treat a nearby arrest is based upon the finding of several studies examining the use of AEDs by layresponders. 8, 10, 20 These studies found that all cardiac arrest victims in casinos, a sports stadium, and an international airport were promptly treated by lay responders using available AEDs. However, it also is possible to envision circumstances in which a cardiac arrest victim might not receive treatment with a nearby AED, despite its availability (probability of cardiac arrest is greater than probability of AED use); this possibility was evaluated using sensitivity analysis. The baseline probability of cardiac arrest (0.2 arrests per site per year) was drawn from the American Heart Association recommendation concerning AED deployment. 1 We defined a site as a geographic area that could reasonably be serviced by a single centrally located AED. For example, a private residence is considered a single site while a sports stadium requiring multiple devices would instead contain several sites.
The range of probabilities of cardiac arrests at various sites was derived from the published medical literature (Table 2) .
10,15±17 Certain large facilities such as airports may have a high annual incidence of cardiac arrests on location, but because of their size, require a correspondingly large number of AEDs to be deployed and consequently, each AED has a low annual probability of being used. Similarly, certain small facilities such as health clubs may have a low annual incidence of cardiac arrests, but can be serviced by a single centrally placed AED.
Costs
The cost estimates used in the model are shown in Table 1 . AED costs were estimated both by review of the published literature as well as discussion with device manufacturers. AEDs cost approximately $2,000, but this cost is amortized over an expected useful life of 10 years, resulting in an annual cost of $200 per device deployed. 21 Training costs were based upon an expectation that 4 employees would each require 2 hours of training per year per AED deployed, and that these employees would earn 150% their normal wage of $14.00 per hour during training. 22 22 
Effectiveness of Strategy 1
The benefit of AED deployment stems from any increase in life expectancy afforded by the availability of AEDs on-site (strategy 2) when compared to EMS-D care (strategy 1). The probability of survival of out-of-hospital cardiac arrest to hospital discharge under strategy 1 was estimated to be 10%.
26±29
Effectiveness of Strategy 2
While several studies have now demonstrated survival rates of 50% with public use of AEDs, it is likely that AED effectiveness would be significantly lower in less-controlled environments. 8±10 Based upon an average time-to-shock interval of 4.5 minutes, a survival rate of 25% appears more consistent with the published literature.
30
Life Gained From AED
The life expectancy for cardiac arrest survivors was calculated based upon an expected mortality of 20% during the first year after arrest and 15% thereafter, and takes into account the fact that many cardiac arrest survivors would receive implantable cardiac defibrillators. 
Sensitivity Analysis
Because of uncertainty regarding the precise values of model inputs, sensitivity analysis was performed using 3 different techniques. First, 1-way sensitivity analysis was performed for each model input across the entire range of values reported in the literature. Second, 2-way sensitivity analyses were performed for selected inputs that were identified as critical in the 1-way analyses. Finally, a Monte Carlo simulation was performed. This method repeatedly samples from each of the input variables' distribution ranges, calculating costs and effectiveness for each simulation. 40 For the purposes of our analysis, the Monte Carlo simulation was conducted while holding the probability of cardiac arrest and probability of AED use at their base-case values (20% and 100%, respectively), and allowing all other model inputs to vary freely across the range of reported values. For this analysis, cost variables were assigned lognormal distributions. 41 All other variables were assigned normal distributions. 40 
RESULTS
Cost-effectiveness: Base-case
The base-case analysis assumes a 20% annual probability of cardiac arrest at the site of each deployed AED (1 arrest every 5 years). Under this condition, the model demonstrates that AED deployment results in a gain of 0.114 quality-adjusted life years (QALYs) per site (0.15 life years per site) at a cost of $3,400 per site per year. This results in an annual cost of $30,000 per QALY gained ($22,700 per life year gained) for AED deployment (strategy 2) when compared with EMS-D based care (strategy 1).
Cost-effectiveness: Sensitivity Analysis
One-way Sensitivity Analysis. Given the uncertainty in many of the model inputs, multiple 1-way sensitivity analyses were performed across the ranges of data available for the variables (Table 3 ). Key variables that were observed to substantially impact the results include the annual probability of cardiac arrest at the AED deployment site, the probability that an available AED is used on the cardiac arrest victim, the probability of surviving to hospital discharge with AED, the probability of surviving to hospital discharge with EMS, the cost of hospitalization for the arrest survivors, and the mean life expectancy of cardiac arrest survivors. It is of particular interest that under base-case conditions, as the probability that a cardiac arrest victim is treated with an available AED falls (probability of AED use) from 100% (base-case) to 60%, the cost per QALY gained increases from $30,000 to $49,000.
Two-way Sensitivity Analysis. Figure 2 demonstrates the impact of a 2-way sensitivity analysis involving the probability of cardiac arrests at the deployment site and the life expectancy of cardiac arrest survivors on the incremental cost-effectiveness of AED deployment. While the base-case probability of AED use was estimated at 20% per year, the published literature suggests that depending upon the precise location, the annual probability of AED use may be as high as 47% (international airport) or as low as 1% (hotel; Table 2 ). Under the base-case expectation of a 5-year life expectancy for cardiac arrest survivors, the cost per QALY gained may range from $12,000 (at 50% probability of AED use) to $590,000 (at 1% probability of AED use). The cost per QALY gained is less than $50,000, $100,000, and $150,000 thresholds provided the annual probability of cardiac arrest (and AED use) per site is greater than 12%, 6%, and 4%, respectively. Figure 3 demonstrates the impact of a 2-way sensitivity analysis involving the probability of cardiac arrests at the deployment site and the probability that an available AED is used on the incremental cost-effectiveness of AED deployment, holding all other model inputs at their basecase levels. While available data suggest that all cardiac arrest victims will be treated with an available AED (probability of AED use = 100%), it is likely that this will not always be the case. Under the base-case assumption of a 20% annual probability of cardiac arrest, the cost per QALY gained increases from $30,000 to $37,000 to $50,000 as the probability of AED use falls from 100% to 80% to 60%, respectively. Figure 4 displays cost-effectiveness ratios for several venues with varying cardiac arrest rates where AED deployment might be considered. The cost per QALY gained for AED deployment at various public locations ranges from $13,000 (international airport) to $590,000 (hotel).
Monte Carlo Simulation. Monte Carlo simulation performed while holding the probability of cardiac arrest and the probability of AED use constant at 20% and 100%, respectively, resulted in a mean cost per QALY gained of $37,000, a median cost of $33,000 per QALY, and 87% of simulations costing less than $50,000 per QALY gained (95% confidence interval, $15,000 to $73,000). The simulation demonstrated that less than 1% of all trials resulted in a cost-effectiveness ratio greater than $100,000.
DISCUSSION
Automated external defibrillators are easy to use and relatively affordable to purchase. Manufacturers have publicized these attributes in an effort to expedite the transition to PAD. 42 While this publicity appears to have succeeded in broadening public awareness of cardiac arrest, it also may have contributed to imprudent AED deployment. Reports abound concerning purchase of defibrillators by relatively low-risk executives and concerned high school students. 43, 44 Before a strategy of PAD is further expanded, it is imperative to understand FIGURE 2. Sensitivity analysis of the effect of increasing probability of cardiac arrest at a given site on the incremental costeffectiveness of automated external defibrillator (AED) deployment. By increasing the annual probability of cardiac arrest (and AED use) across a wide range (0.01 ± 0.50), the incremental cost-effectiveness can be seen to decrease from $500,000 to $10,000, given a 5 year life-expectancy (LE) for survivors.
the costs and benefits associated with this potentially lifesaving technology. Ideally, the probability of cardiac arrest at each and every site would be known and AEDs could then be deployed accordingly. The results of the ongoing Public Access Defibrillation Trial will certainly help to answer a number of questions related to PAD. 45 However, even after completion of this study, there will be many locations where AED deployment is considered, but the precise probability of cardiac arrest is unknown.
In the absence of comprehensive location-specific cardiac arrest rates, our analysis provides important guidance as to where AED deployment should be considered. The results of this study support the results of earlier studies suggesting that AED deployment in selected public locations is a cost-effective use of health resources. 13, 14, 22 Our results also suggest that the current American Heart Association guidelines limiting AED deployment to sites with a 20% annual probability of cardiac arrest and cost per QALY gained of $30,000 may be overly conservative. Several aspects of the sensitivity analysis warrant additional discussion. First, it is important to note that our analysis suggests that deployment of AEDs in locations with exceedingly low cardiac arrest rates is unlikely to be cost-effective even using the most optimistic assumptions. Second, the cost-effectiveness of AED deployment is sensitive to the probability that the deployed AED is actually used on a cardiac arrest that does occur at the site of deployment. Therefore, it is critical that deployed AEDs be accessible and easily identifiable to potential responders. Finally, it is important to note that the costeffectiveness of AED deployment depends upon the relative benefit that AED deployment provides relative to EMS-D ± based care. The cost-effectiveness of AEDs may be reduced by any improvement in cardiac arrest survival that might be generated by optimization of existing EMS-D systems. Therefore, many sites with low cardiac arrest rates might carefully consider encouraging optimization of existing EMS services rather than spending limited resources on AEDs that are unlikely to be used.
We were deliberately conservative in many of our estimates to avoid biasing our findings in favor of overly aggressive AED deployment. For example, we estimated annual mortality of 15% for cardiac arrest survivors, despite evidence that it may be significantly lower. We also FIGURE 3 . Sensitivity analysis of the effect of reducing the probability that a deployed automated external defibrillator (AED) is used on the incremental cost effectiveness of AED deployment. As the probability that an available AED is used falls from 100% to 60%, the incremental cost-effectiveness of AED deployment is reduced as well. took a conservative approach by estimating that only 25% of cardiac arrest victims survived their arrest despite evidence from Valenzuela et al. and Caffrey et al. that results may be significantly higher. 8, 10 Furthermore, we did not include potential utility gains that may be realized by the public from the sense of security (a.k.a. passive benefit) afforded by AED availability. 46 Finally, we included substantial costs for AED maintenance and employee training despite evidence that training may not be necessary and AED maintenance costs may be minimal. 10, 47 There are several limitations to our study that are important to understand. First, it is important to acknowledge that the precise probability of cardiac arrests for any specific location is impossible to predict with certainty because each location serves a unique population. Our study relies on generalization of cardiac arrest rates in King County, Washington to other locations across the United States. While such generalization is not ideal, King County is a large metropolitan area with a diverse population that is representative of the overall population of the United States. Therefore, it is reasonable to generalize these cardiac arrest rates to other areas. 48 , 49 Likewise, it is difficult to define with precision both the number of AEDs required for each location and the related probability that the device will be used. Becker et al. estimated the number of AEDs required at various public locations by using common sense (i.e., a shopping mall would require 1 AED per main entrance), and we applied these estimates to our model. 16 While this approach may be criticized as arbitrary, the current decisions of precisely how many AEDs should be deployed in a shopping mall or airport are based on similar reasoning and likewise were applied to this analysis. 10 Finally, while experience to date suggests that Good Samaritans consistently use publicly available AEDs on cardiac arrest victims, our analysis demonstrates that the cost-effectiveness of this intervention is reduced by any failure to use a publicly available AED on a nearby cardiac arrest victim; further experience will provide additional guidance as to how often this occurs. Despite these limitations, this analysis provides important data to support a policy of AED deployment at selected public locations. Conversely, this analysis suggests that deployment of AEDs in other public locations including hotels and retail stores may not be justified on clinical and economic grounds alone. It is critical to understand that the cost-effectiveness of defibrillator deployment improves as the probability of that defibrillator being used on a cardiac arrest victim rises. Reaching a critical threshold of aggregate risk may occur within a single individual at high risk for cardiac arrest (justifying an implantable cardiac defibrillator) or among many moderate-risk individuals (thus warranting deployment of an AED). Using this framework correctly will help to ensure that AEDs are placed in the locations where the largest number of people stand to benefit. Further research is needed to more precisely determine which individuals and locations may benefit from AED availability.
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